Abnormal survival motor neuron 1 (SMN1)-copy number has been associated with an increased risk of amyotrophic lateral sclerosis (ALS) in French and Dutch population studies. The aim of this study was to determine whether SMN gene copy number increases the risk of ALS or modulates its phenotype in a cohort of Swedish sporadic ALS (SALS) patients. In all, 502 Swedes with SALS and 502 Swedish controls matched for gender and age were enrolled. SMN1 and SMN2 gene copy numbers were studied by a semiquantitative PCR method. A genotype-phenotype comparison was performed in order to determine whether SMN genes modulate the phenotype of ALS. The results were also compared with our previously reported French cohort of ALS patients. There was no difference between Swedish patients and controls in the frequency of SMN1 and SMN2 copy numbers. The frequency of SMN1 gene copies differed significantly between the French and Swedish ALS populations. The duration of the disease was significantly longer in the Swedish cohort with homozygous deletions of SMN2 when compared with the French cohort. Abnormal SMN1 gene copy number cannot be considered as a universal genetic susceptibility factor for SALS and this result underlines the importance of reproducing association gene studies in groups from different origins. We also suggest that SMN2 gene copy number might have different effects on ALS progression in disparate human populations.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder described worldwide. 1 During the last 10 years, an extensive literature has focused on genetic susceptibility factors in populations from different origins. Currently, there is no universal genetic factor associated with the majority of ALS cases.
A series of studies performed independently in French and Dutch ALS populations suggests that an abnormal survival motor neuron 1 (SMN1) gene copy number is associated with increased risk of ALS (OR¼2.8). [2] [3] [4] These studies relied principally on the following facts: homozygous deletion of the SMN1 gene causes spinal muscular atrophy (SMA), another motor neuron disease and SMN2 gene copy number modulates the phenotype of SMA. 5 SMN genes encode a protein important for the formation of spliceosomal small nuclear ribonucleoprotein particles, which may modulate longevity of motor neurons. 6 We analyzed SMN1 and SMN2 copy numbers in a large welldefined population of Swedish patients diagnosed with sporadic ALS (SALS) to determine whether copy number in the SMN genes modulates the risk of ALS or modifies the phenotype and prognosis of SALS patients. We also compared the SMN-genotype distribution in the Swedish population to that in a similar French population.
MATERIALS AND METHODS

Study population
Clinical data and blood samples, collected between 1996 and 2008, were obtained from 502 SALS patients and 502 controls. The participants signed consent forms approved by Medical Ethical Review Boards in Sweden that adhere to the principles described in the Declaration of Helsinki. All subjects were of Swedish origin dating at least three generations. To maintain comparability between groups, patients and controls living in Sweden, but of other ethnicity, were excluded from the study. Three genes have been shown to be associated with rare forms of familial ALS: SOD1, FUS and TDP43; as this study enrolled patients with SALS, only those subjects who did not have mutations in one of these genes were enrolled. 7 The controls were matched to cases for age, sex and ethnicity. All patients met the El Escorial World Federation criteria for the diagnosis of definite or probable ALS. 8 We collected clinical data comprising gender, age and site of onset of first motor symptom (spinal or bulbar), and duration of ALS (the interval between the first symptoms and death or tracheotomy).
The results of the Swedish population were compared with our French ALS cohort of 600 SALS patients, for whom we previously reported an association with SMN1 gene copy numbers. 2 We first compared the ALS phenotype (gender, site of onset, age of onset and duration of the disease) and the SMN1 and SMN2 copy numbers frequency in Swedish patients to that of our French ALS and controls groups. 2 
Experimental protocol
Genomic DNA was extracted by standard procedures from peripheral blood. SMN genes copy numbers were determined by a quantitative multiplex PCR technique as previously described. 3 Data were analysed using the Genescan software (Perkin Elmer, Courtaboeuf, France). The SMN1 and SMN2 gene copy numbers were calculated using the ratio SMN1/CFTR (Cystic fibrosis transmembrane conductance regulator gene) and SMN2/CFTR of each peak area. Analysis of SMN genes copy number was performed by an investigator blinded to disease status (ALS or control).
Statistical analysis
All analysis was performed with JMP statistical software version 7.0.2 (SAS Institute, Cary, NC, USA).
We first analysed associations between SMN1 or SMN2 copy numbers and the presence of SALS within the Swedish population using a w 2 -test. A correction for multiple tests was applied to adjust the P values by accounting for the two loci (SMN1 and SMN2 copy numbers) analysed: significance thresholds were taken as 0.025.
In a second step, we compared gender, site of onset, age of onset and SMN1 as well as SMN2 copy numbers in Swedish and French patients using a w 2 or t-test. Based on a violation of the assumption of proportional hazards, the Wilcoxon's test, placing more weight on early survival times, was used to compare survival curves between both groups.
We then focused survival analysis on the subgroups of patients from France and Sweden with homozygous SMN2 deletion and SMN1 abnormal gene copy numbers. We evaluated all parameters previously described. The different factors having a significant influence on survival analyzed using Kaplan-Meier methods were further explored with multivariate Cox proportional hazard models.
RESULTS
A total of 216 women and 286 men with SALS were included in the study. In all, 173 (34.5%) patients had bulbar onset, 144 (28.7%) had upper limb and 127 (25.3%) lower limb. The remaining 58 (11.5%) had spinal onset either in thoracic myotomes or in more than one limb. Mean age of onset was 61.8 ± 13.4 years for the 463 patients from whom reliable data were available. Median survival time was 32.7 months (95% CI 29.6-34.8 months) (n¼463).
Results of the SMN1 and SMN2 copy number analysis are summarized in Table 1 . In the Swedish sample, there was no significant difference in the frequency of SMN1 or SMN2 copy number between cases and controls (P¼0.24 and P¼0.23, respectively). A significant difference in SMN1 copy number was found between the Swedish and French SALS populations (P¼0.02), and no difference between the Swedish and French control groups (w 2 -test, P¼0.87).
There was no difference between both ALS groups in the age of onset (P¼0.23), gender (P¼0.90), the site of onset, and disease duration (respectively, w 2 -test, P¼0.38, and Wilcoxon's test: P¼0.09; Table 2 ).
No phenotypic difference was observed between Swedish and French ALS sample according to SMN1 copy number.
As homozygous SMN2 deletion has also been linked to motor neuron disorders (MNDs), either through an increased frequency in adult sporadic lower motor neuron diseases or a shorter duration of disease in Dutch patients with ALS, we concluded our analysis by focusing on the subgroup of patients from France and Sweden with homozygous SMN2 deletions to determine whether this genotype was associated with a particular phenotype. [9] [10] [11] Although non-significant, the frequency of homozygous SMN2 deletion was lower in the Swedish than in the French ALS patients (5.8 vs 9.0%, P¼0.15, Table 1 ). Genotype-Phenotype correlation analysis showed that survival was longer in Swedish patients (n¼27) than French patients (n¼50) with homozygous SMN2 deletion (37.6 (27.0-46.4) months vs 27.0 (19.1-32.1) months, P¼0.039, Table 3 , Figure 1 ).
Site of onset and age of onset were significant predictors of survival within subgroups defined by the SMN1 or SMN2 gene copy numbers (data not shown), but gender had no effect (P¼0.40). In a multivariate Cox proportional hazard model, including site of onset and country of origin, these variables remained significant determinants of overall survival within the subgroup of ALS patients having homozygous SMN2 deletion. The hazard ratios were 1.7 (1.1-2.8) (P¼0.038) for country of origin and 2.5 (1.5-4.2) (Po0.001) for site of onset (Table 4) . 
DISCUSSION
An emerging way of research in neurodegenerative disorders relied on the theory of copy number variant: this was described in hereditary sensory motor neuropathies, Alzheimer's and Parkinson's diseases with abnormal number of copies of the PMP-22 gene, APP gene and synuclein genes, respectively. [12] [13] [14] The association between SMN1 gene copy number and ALS previously found in French and Dutch population corroborated this hypothesis in MND. [2] [3] [4] As almost all genetic association studies led to controversial results, we aimed to strengthen the findings of an association between SMN1 copy number and SALS in a third unrelated population. SMN1 and SMN2 copy numbers were analysed blindly in a sample of Swedish ALS patients according to a quantitative analysis method we previously reported in French patients. 3 We did not find differences in the frequency of SMN1 and SMN2 copy numbers between Swedish ALS patients and controls. Because of the incidence of SMA (homozygous deletion of SMN1) in the Swedish population is around 1 in 12 000 live births, 15 the frequency of heterozygous SMN1 deletions in Sweden can be estimated to be around 1/55, similar to what has been reported in France. 16 The frequency of heterozygous SMN1 deletions found in the Swedish population in this study was in accordance with those reports, suggesting that our control population was representative of the Swedish population as a whole. These lack of association between ALS and SMN1 gene copy number is in contrast to results in French and Dutch cohorts in which abnormal copy numbers of SMN1 have been associated with an increased risk of ALS. [2] [3] [4] Although the management of ALS was similar in both countries all along the period of collection of samples, there was a significant difference between the French and the Swedish ALS cohorts in the frequency of SMN1 copy number. Abnormal SMN1 gene copy number, therefore, cannot be considered as a universal genetic susceptibility factor for SALS.
Although the difference did not reach significance, the frequency of SMN2 homozygous deletions was lower in the Swedish than in the French ALS group. Disease duration was longer in Swedish patients with homozygous deletions in SMN2 when compared with the French cohort and this was not the case for one and two SMN2 copies. We did not include in our analysis the use or not of invasive ventilation or gastronomy because of the absence of formal evidence of an impact of these supports on survival. 17 This result led us to propose that a genetic or an environmental factor might modulate the effect of homozygous SMN2 deletions on survival. The survival curves for French and Swedish ALS populations with homozygous SMN2 deletions crossed late, possibly because of a high number of French ALS lost to follow-up after 75 months and to a long survival in Swedish ALS patients, not related to different management of the disease. There was no such bias during the 75 first months of evolution that might lead to differences in survival between groups. This risk of false positive results due to differences in disease duration in the two samples was corrected with the Wilcoxon's test, which gives more weight to deaths at early time points.
These data indicate that ALS populations cannot be considered one homogenous group and that genetic factors may be specific to given populations. A similar pattern of variable gene distribution has been found among ALS patients with mutations in causative genes for familial ALS: the D90A SOD1 mutation predominates in northern Sweden and Finland, and the L144F in eastern Mediterranean countries (Italy and Istro-Rumania). 18, 19 SOD1 gene mutations are rare in The Netherlands and Denmark. 20, 21 Mutations in the Angiogenin gene are rare in Sweden, England and Germany, but relatively common in Scotland and Ireland. 22 Associations have been found with the ApoE gene in European, but not in American populations. 23 Genetic factors seem to be specific for defined populations and genetic findings might be restricted to certain populations.
Different genetic makeup in different populations is one possible explanation for the discordant findings in genome-wide screens in ALS. 7, 24 The major drawback of such studies is the need for thousands of samples from several countries to gain sufficient power. If some genetic factors are specific to certain populations, samples that are Figure 1 Kaplan-Meier curves representing overall survival of ALS patients having homozygous deletion for SMN2 gene (P¼0.039). Black curves correspond to French ALS patients (n¼50) and grey curves correspond to Swedish ALS patients (n¼27). Abbreviations: CI, confidence interval; SMN, survival motor neuron. Two Swedish ALS patients with respiratory onset were excluded of this study.
obtained from a mix of different cohorts might diminish the ability to detect a single susceptibility factor in any subpopulation.
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